The nucleotide sequence of a double stranded DNA fragment from the gene AB region of bacteriophage S13 DNA has been determined. The fragment was isolated as two adjacent shorter fragments by cleavage of S13 replicative form (RF) DNA with restriction endonuclease III from Hemophilus aegyptius. The strands of the fragments were separated electrophoretically and hydrolyzed with T4 endonuclease IV to yield short oligonucleotides which were then sequenced by partial exonuclease digestion. The complete nucleotide sequence of the restriction fragments was obtained by ordering the inter-and intrastrand overlapping oligonucleotide sequences. The adjacent fragments were 190 nucleotides in length. The sequences included a
The gene AB regions of the S13 and OX174 genomes thus have a good potential for providing information on the control of transcription and translation in the two phages. This report presents the nucleotide sequence of S13 restriction enzyme fragments HaeIII 8 and 9 which are located in the gene AB region and which correspond to the junction of 4X174 fragments HindIII 3 and HindIlII 8 Alkaline phosphatase was heat treated to remove phosphodiesterases 1, snake venom phosphodiesterase was pretreated at 370C for 3 hr at pH 3.6 to remove 14 5' nucleotidase activity . Pancreatic deoxyribonuclease A was purified as described by Junowicz and Spencer 5 and exonuclease I according to Lehman 16 and Nussbaum . Polynucleotide kinase and T4 endonuclease IV were prepared T4m817 from Escherichia coZi B infected with bacteriophage T4amN82. Polynucleotide kinase was isolated according to Richardson18 with the modifications described by Harbers et aZ.6
T4 endonuclease IV was isolated by the method described by Sadowski and Bakyta19 up to the first phosphocellulose column fractionation step.
Each fraction from the phosphocellulose column was assayed for the presence of T4 endonuclease IV using radioactively labeled (32P or 3H) S13 DNA as substrate in the presence of exonuclease I, essentially as described by Nucleic Acids Research Sadowski and Bakyta19. The fractions that contained T4 endonuclease IV activity were then assayed again using the same substrate but incubation was for 30-40 minutes instead of 10 minutes and exonuclease I was omitted from the reaction mixture. This assay modification located those fractions containing endogenous 3' exonuclease activity. The exonuclease activity was found in the last third of the fractions with T4 endonuclease IV activity eluted from the phosphocellulose column. The T4 endonuclease IV fractions containing little or no 3' exonuclease activity were further purified by 19 DEAE-cellulose chromatography as described by Sadowski and Bakyta . The fractions which did not adhere to the DEAE cellulose column were then refractionated twice on phosphocellulose. The T4 endonuclease IV preparation from the last phosphocellulose column, when assayed by the 'minus' exonuclease I assay described above showed a definite lag before the appearance of acid soluble radioactivity. This was taken as a strong indication of little or no 3' exonuclease contamination in the preparation. The preparation was dialyzed against 50 mM Tris-HCl buffer (pH 7.6) in 50% glycerol and stored at -20°C.
Restriction The isolated restriction fragments were hydrolyzed with 2% diphenylamine in 67% formic acid at 30°C for 18 hr23. The hydrolysate was extracted three times with ether, dried and fractionated by ionophoresis-homochromatography24, as modified for 25 pyrimidine oligonucleotides Strand separation and T4 endonuclease IV hydrolysis. The solution of restriction fragments chosen for sequence analysis was heated at 1000C for 2 min and applied directly to a cellogel strip. Electrophoresis conditions The 5' 32P-labeled 24 oligonucleotides were separated by ionophoresis-homochromatography as described in detail elsewhere for pyrimidine oligonucleotides6 except that the DEAE-cellulose plates were 20 x 40 cm and the eluate a 2% solution of 27 yeast RNA partially degraded by alkali for 12 hours 5' 32P-labeled oligonucleotides separated by ionophoresishomochromatography were visualized by radioautography, the spots were scraped from the thin layer plate and the oligonucleotides eluted with 1.0 M TEAB (pH 8.0) and evaporated to dryness.
Partial digestion of oligonucleotides with snake venom phosphodiesterase. 25
This was performed as described by Ling . The hydrolysis products were separated by ionophoresis-homochromatography24'6 and the oligonucleotides visualized by radioautography.
RESULTS
Since the sequence methods to be used were dependent on the measurement of a 5' 32P-terminal label the specificity, exonucleolytic and phosphatase activities of the T4 endonuclease IV preparations were investigated. To determine the specificity of hydrolysis, S13 DNA was degraded with T4 endonuclease IV, the resulting oligonucleotides 5' 32P-labeled then hydrolyzed to 5' mononucleotides. Separation of the 5' mononucleotides is shown in Hae9c-#L. -cms from the origin.
-ve
To determine which strands were viral and which complementary in origin, they were eluted from the cellogel and hybridized to S13 viral DNA. The hybridization mixtures were fractionated on Bio-Gel A-15m columns. The chromatographic profiles presented in Fig. 3 show that the electrophoretically slower moving strands of both HaeIII 8 and 9 were eluted in the void volume having hybridized to the viral DNA, while the electrophoretically faster moving strands were retained on the column. Thus the slower moving strands are complementary strand in origin, and the faster moving strands viral. Fig. 4 shows radioautograms of ionophoretic-homochromatographic separations of some of the 5' 32P-labeled oligonucleotides released by T4 endonuclease IV from the separated strands of HaeIII 9. The patterns show the divergences expected from products derived from separated DNA strands and indicate that strand separation is adequate since there is no obvious cross contamination. There were minor differences only in fingerprint patterns of degradations performed at 37°C compared to ones at 45OC30 with no obvious shifts from longer to shorter oligonucleotides. Incubations at both temperatures were used to obtain oligonucleotides for sequence analyses.
The separated 5'-32P-labeled oligonucleotides were scraped from the TLC plates, each partially degraded with snake venom phosphodiesterase and the products separated by ionophoresis-homochromatography. Radioautographs of some of the partial digest separations are shown in Fig. 5 . The successive loss of nucleotides from the 3' end of an oligonucleotide results in a chromatographic fingerprint with characteristic differences in angles and distances between the particular oligonucleotide spots, dependent on the 3' terminal base which has been removed31'32. In general the nucleotides However at the 3' end of long oligonucleotides, especially those rich in G and T, there were difficulties in distinguishing between a loss of an A versus a G. At the 5' end where the oligonucleotides have been reduced to short chain lengths, especially when the remainder of the oligonucleotide contains few or no T's or G's, the angles and distances for the loss of a C or an A do not follow the normal patterns of shifts to the left, but instead are to the right. The latter problem was not a major one in the present study since the restriction enzyme fragments used terminate in 5'C, the HaeIII cleavage site being 5'. . .G-G-C-C... 33 , and the oligonucleotides released by T4 endonuclease IV all end in 5' C also.
When a sequence assignment was ambiguous (A or G, C or A, G or T) it was resolved from the overlapping sequence from the opposite strand or from another partial product from the same strand. 
-C-C-A-T-C-G-C-A-G-T-T 3' 3' A-T-A-C-G-G-G-T-A-G-C 5' 02
The sequences of the oligonucleotides shown in Fig. 4 and 5 and from other T4 endonuclease IV digests are listed in Table 1 . The sequences were ordered on the basis of overlaps, resulting in the total sequence for HaeIII 8 and 9 as shown in Fig. 6 . The 5' terminal sequences of each restriction enzyme fragment were confirmed separately by 5'32P-labeling of the separated strands with [y-32P]ATP and polynucleotide kinase, followed by degradation with T4 endonuclease IV. The few resulting 32P-terminally labeled oligonucleotides were all from the 5' termini and shown to have the sequences corresponding to HaeIII 9 viral strand oligonucleotides 06, 34 and 134, HaeIII 8 complementary strand oligonucleotides 14, and 119 and viral strand oligonucleotides 7, 12, 111 and 115 (see Table 1 ). Further Table 1 Sequences of the oligonucleotides released by T4 endonuclease IV from the viral and complementary strands of S13 HaeIII 8 and 9.
HaeIII 8 viral strand oligonucleotides
1.
------T-G-C-A-T-T-T-T-A-T-G
The numbers 01 to 09, 1 to 53 and 103 to 153 refer to oligonucleotides from three different experiments. The underlined sequences are the 5' termini (see text). Sequences without a number are minor sequences present together with the sequence directly above.
confirmation of the sequence was by pyrimidine tract analyses. Radioautograms of uniformly 32P-labeled pyrimidine oligonucleotides released by formic acid diphenylamine hydrolysis of fragments HaeIII 8 and 9 and separated by ionophoresis-homochromatography are shown in Fig. 7a, b . The longest pyrimidine oligonucleotide present in HaeIII 8 is C4T4 (nucleotides [38] [39] [40] [41] [42] [43] [44] [45] and in HaeIII 9, C2T5 (nucleotides 165-171).
The total sequence (Fig. 6 ) has two sequence assignments based on assumptions due to lack of satisfactory overlaps. Tr   TT13 4 cleotide 3 with the 3' end sequence ---C-G-G-A 3'. Since the 3' end of A must be next to a C (due to the specificity of T4 endonuclease IV) the following assignment was made (see also Fig. 6 ): 3 minor 11-105-114
The other uncertain sequence occurs at bases 102 and 103 where both strands contain the dinucleotide -G-C-which resulted in cleavage without satisfactory overlaps. However since this particular situation involving lack of overlaps at dinucleotide -G-C-did not occur anywhere else in the sequence and since bases 103-118 were shown to be at the 5' end of the complementary strand by the 5' terminal labeling experiments, the following sequence assignment was made:
2-103 8-108-110
5' --T-T-A-A-A-T-A-G-C-T-T-G-C-A-A-A-A-T-A-C-G-T-G-G 3' end
100 110 viral strand
3' ------A-A-T-T-T-A-T-C-G-A-A-C-G-T-T-T-T-A-T-G-C-A-C-C 5' end
16-28-120-127 complemen-tary strand DISCUSSION The modified procedure described for the purification of T4 endonuclease IV yields an enzyme preparation with a very low contaminating 3' exonuclease activity. Examination of the sequences in Table I shows only a very small number of oligonucleotides are identical except for the absence of one or two bases at the 3' end. A previous study on RD1 A 34 mitochondrial DNA supports this observation
The present results confirm that T4 endonuclease IV exhibits an absolute specificity for the production of oligonucleotides ending in 5' pCl9,32,35,36'37. Bernardi et al. 38 reported a lower 5' end specificity which may be a function of their particular enzyme preparation. The specificity of the nucleotides at the 3' end is not absolute. The dinucleotides T-C, G-C, A-C and C-C occur in the total sequence 15, 30, 25 and 23 times respectively. Comparison of these frequencies to those of each of the four bases occurring at the 3' ends of the sequenced oligonucleotides which were obtained in high yield, shows that T4 endonuclease IV exhibits a preference for the cleavage of T-C and G-C bonds, over A-C bonds. The Nucleic Acids Research (Fig. 8) reveals that two of the three frames contain stop codons. Nonsense triplets occur at positions 49-51, 55-57,61-63 and 100-103 in one frame and at position 96-98 in the second. The amino acid sequence corresponding to the third reading frame is presented in Fig. 8 codons end in T, 15 in G, 15 
